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IMPINGEMENT HEAT TRANSFER FROM TURBULENT AIR JETS TO FLAT
PLATES - A LITERATURE SURVEY
by John N. B. Livingood and Peter Hrycak®

Lewis Research Center

SUMMARY

Analytical and experimental investigations of the heat-transfer characteristics of
single and multiple turbulent jets of air impinging on flat surfaces are reviewed. Both
circular jets and slot jets are considered, and the effect of crossflow on impingement
heat transfer is included.

Comparisons of theory and experiment and of experimental results from different
investigations are given when possible. Some correlations are suggested for use in tur-
bine vane and blade design, and areas where additional research is in order are noted.

INTRODUCTION

This report presents a concise review of the available literature on the heat trans-
fer from air jets impinging on flat surfaces. Impingement cooling began finding use in
the cooling of gas turbine blades and vanes starting in the early 1960's. It has found
favor as a means of cooling in regions of high heat flux because it is a more effective
method of cooling than ordinary convection cooling. The use of single jets, rows of jets,
arrays of jets, single slots, and rows of slots, particularly impinging on flat surfaces,
has been studied by many investigators. Turbine vane and blade midchord regions are
sometimes approximated as flat surfaces, and this review is aimed at determining which
of the many correlations may be most applicable for future turbine vane and blade de-
signs and the areas where further research may be warranted. Nozzle-to-surface spac-
ing is one important parameter to be considered; and when large areas are to be im-
pingement cooled, jet row-to-row spacing and crossflow effects must be considered.

* Professor of Mechanical Engineering, Newark College of Engineering, Newark,
New Jersey.



The use of impinging air jets complicates both the flow and heat-transfer fields and,
in comparison with ordinary convection cooling, relatively little information concerning
either flow or heat transfer is known. As a consequence, the NASA Lewis Research
Center let a contract to the Newark College of Engineering to investigate the fundamen-
tals of impingement flow and heat transfer. References 1 and 2 cover the flow studies;
the present report is a result of the literature survey made relative to the heat-transfer
studies under the contract.

JET FLOW CHARACTERISTICS

A knowledge of the velocity of the jet is required in establishing heat-transfer coef-
ficients along an impingement surface. With this in mind, it seems appropriate to re-
iterate herein some information relative to impinging jet flow presented in references
1 and 2.

Four distinct flow regions can be characterized for impinging turbulent jets. Fig-
ure 1(a) shows these four regions:

(1) Region I is the region of flow establishment. It extends from the nozzle exit to
the apex of the potential core. The potential core is the central portion of the flow in
which the velocity remains constant and equal to the nozzle exit velocity. For turbulent
flow, the potential core is from 6 to 7 nozzle diameters long for a circular nozzle and
from about 4.7 to 7.7 slot widths long for a slot jet.

(2) Region II is a region of established flow in the direction of the jet beyond the
apex of the potential core. It is characterized by a dissipation of the centerline jet ve-
locity and by a spreading of the jet in the transverse direction. For a circular jet, the
axial velocity is inversely proportional to the distance from the jet nozzle expressed in
nozzle diameters. For a slot jet, it is inversely proportional to the square root of the
distance from the jet nozzle expressed in slot widths. The constants of proportionality
are the potential-core length and the square root of the potential-core length for circular
and slot jets, respectively.

In reality, the distances referred to should be measured from the true jet origin
instead of from the nozzle. However, according to reference 3, no calculation method
is as yet available for fixing the exact location of the true jet origin. Furthermore, the
distinction between the true jet origin and the nozzle becomes insignificant when the plate
is located several diameters away from the nozzle.

(3) Region III is that region in which the jet is deflected from the axial direction. A
method for calculating the radial velocity along the impingement plate is discussed in
reference 1.

(4) Region IV is the wall jet region. Several methods for calculating the velocity
profiles through the wall jet region are discussed in reference 1.
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When rows of holes or rows of slots are considered (and this would be the case for
impingement-cooled turbine vane and blade suction and pressure surfaces), care must be
exercised in obtaining proper spacing so that the jets do not interfere with each other.
Information on jet spreading is reported in reference 1. In addition, when multiple jets
are considered, the effects of crossflow on heat transfer must be included. In some of
the work reviewed in the following sections of this report, crossflow effects were con-
sidered.

The influence of the nozzle diameter on impinging jet flow patterns (see fig. 1(b)
and ref. 2) and the jet turbulence scale effect on stagnation-point heat transfer both in-
dicate a weakening of the fluid mechanic similarity. The similarity usually attached to
geometrically similar systems is reduced in some instances and the resulting heat-
transfer correlations may become strictly representative only of the experimental ap-
paratus involved in these cases.

ANALYTICAL HEAT TRANSFER
Techniques Used and Results Obtained

Experimental evidence shows that maximum heat transfer is achieved when the tar-
get plate is located at a distance from the nozzle equal to the potential-core length.
When the nozzle-to-plate spacing exceeds the potential-core length, the intensity of the
heat transfer decreases with the dissipation of the original jet velocity. The region of
the jet impingement (region III of fig. 1) was investigated by numerous individuals who
employed similarity techniques originating from free-jet studies. After the jet hits the
target, it is deflected and eventually a wall jet develops (region IV of fig. 1). The wall
jet region exhibits boundary-layer characteristics and may be analyzed by boundary-
layer theory.

Kezios. - Initial attempts to analytically predict heat-transfer from an impinging jet
to a plane surface were limited to the neighborhood of the stagnation point. In this re-
gion, even for turbulent jets, laminar flow predominates in the boundary layer, espe-
cially near the stagnation point. Reference 4 reports the following expression for the
stagnation-point heat transfer:

Nu0 = 0. 475 ‘/ReD/Z

where the nozzle radius D/2 was used as the characteristic dimension. Away from the

stagnation point, the local Nusselt number was found to yield a maximum at
r/(d/2) = 1.3, thatis,



Nu=F-L ‘/Re
d/2 r

Walz. - Walz (ref. 5), using the results originally derived by Eckert, obtained the
expression

Nu = 0. 44 pr0- 36 Reg' 5

for the local values in the axisymmetrical flow, and

0.36 5, 0.5

Nu = 0.88 Pr " °° Re)
for the average values in the axisymmetrical flow.

Metzger. - For slot jets, using Eckert's wedge flow solution, Metzger (ref. €) ob-
tained the equation

0.37

Nu = 0. 57 Pr¥- 0.5

Rer

for local values of the Nusselt number based on distance from the stagnation point and

Nu = 1.14 Pr% 37 RO °
for the average value of the Nusselt number.

The inability of such formulas to account directly for the effect of the nozzle-to-
plate separation distance must be considered their principal weakness.

Schauer. - Reference 7 presents the solution for the hydrodynamics, the basis for
the analysis in reference 8. In reference 8, the thermal-boundary-layer equations for
incompressible turbulent flow were solved by applying integral techniques. A modified
Reynolds analogy (relating the diffusivity for heat to the diffusivity for momentum) was
used to link the thermodynamic to the hydrodynamic solution.

Cadek. - In the impingement regidn, Cadek (ref. 9) used an approach that, although
based on the integral techniques, was reducible to Eckert's wedge flow solution. In the
wall jet region, Cadek's efforts resulted in complicated expressions which reduced to
the well-known flat-plate solution for the corresponding limiting case.

Cadek stressed that in all analytical solutions in the impingement region one should
keep in mind one important fact: In the wedge flow class of solutions an infinite uniform
stream impinges on a surface, whereas in our present problem we deal with a nonuni-
form jet of finite width striking a surface. In the first case, the Euler number m is
constant; in the latter case, it is a variable function of distance from the stagnation
point.
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Eckert. - Eckert and Livingood developed methods of calculating heat transfer with
a variable m in reference 10. According to Cadek, his method gives results on heat-
transfer rates that were essentially similar to those obtainable by Eckert and Livin-
good's approach while at the same time yielding more information on the boundary layer
itself.

Tomich. - Tomich also calculated heat transfer from impinging, turbulent jets
(ref. 11). To eliminate the need for various simplifying assumptions, Tomich took the
approach of solving the governing equations by means of finite difference techniques.
Solutions were extended into the compressible flow region, and it was found that the jet
Mach number and jet temperature ratio were the only two initial jet properties necessary
to characterize the dimensionless velocity and temperature variations in the free jet.

Brdlik. - Another analytical approach has been taken in reference 12 by Brdlik and
Savin. They used the integrated energy equation adapted for situations with a radial
symmetry and obtained, for zn/D < 6.2, based on the plate radius d/2

Nu = 1.09 prl/3 Recli%

which shows reasonably good agreement with the test data of several investigators.

Discussion of Analytical Solutions

In discussing the available analytical solutions, it is seen that they have certain
common features. The general form of the equation for the average Nusselt number
near the stagnation point is

Nu = C Pr™ Re"

with m =1/3 and n=1/2.

The value of C varies from 0. 88 (ref. 4) to 1.09 (ref. 12) for circular jets and is
1. 14 for slot jets (ref. 6), according to Eckert's method. For the wall jet region, good
agreement between theory and experiment was found by several investigators, as is
pointed out later in this survey.

EXPERIMENTAL HEAT TRANSFER

Single Circular Jets

Perry. - Experimental results obtained from the study of heated jets striking cool
flat surfaces are reported in references 13 to 15. Perry (ref. 13) considered air heated
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to 873 K (11120 F) discharging through nozzles 1. 65 and 2. 16 centimeters (0. 65 and
0.85 in.) in diameter at velocities to 91 meters per second (300 ft/sec). The nozzle-
to-plate spacing was at least 8 nozzle diameters. The effect of the angle of jet impinge-
ment was studied. The heat flow was determined by means of a 1. 65-centimeter
(0.65-in.) diameter calorimeter; this dimension, d', was used as the characteristic
dimension in both the Nusselt and Reynolds numbers.

The test results are shown in figure 2 and were correlated by

Nu = K Reg; 7 p,0-33

where the value of K is dependent on the angle of impingement as follows:

Angle of |K = Nu Reé?' 7 p,-0.33
impinge-
ment,
deg
90 0. 1810
75 . 1745
60 . 1579
45 . 1422
30 . 1224
15 . 1037

Perry found about a twofold increase in the plate heat transfer as the jet axis of sym-
metry was turned from 15° to 90° with respect to the plate.

Thurlow. - The influence of nozzle-to-plate spacing on the heat transfer of an im-
pinging hot air jet on a flat plate was investigated by Thurlow (ref. 14). Values of
zn/D > 10 and ReD to 60 000 were considered. Nozzles 2. 54 and 1. 27 centimeters
(1 and 1/2 in.) in diameter were used to impinge hot air on a copper plate 61.0 by 15. 2
centimeters (24 by 6 in.). The data were correlated by

- VA
Nu = C Rel/® exp <-o. 037 —“>
D

where the coefficient C was found to be equal to 1. 06 for the 2. 54-centimeter (1-in.)
diameter nozzle and equal to 0. 33 for the 1. 27-centimeter (1/2-in. ) diameter nozzle. In
other words,




C ~D3/2

with D expressed in inches.

Huang. - Huang (ref. 15) investigated the heat transfer from a hot turbulent air jet
to a plate normal to the jet flow. Nozzle diameters of 0.32, 0.40, 0.48, 0.56, and 0. 64
centimeter (1/8, 5/32, 3/16, 7/32, and 1/4 in.); nozzle-to-plate spacings from 1 to 12
diameters; and nozzle exit Reynolds numbers to 104 were investigated. Both stagnation
and average data were correlated according to

Stagnation: Nu = 0.0233 Reg' 87 Pro' 33

0.33

Average: Nu = 0.018 Reg' 87

Pr

Here, the Reynolds number is based on the impact velocity. The impact velocity was

obtained from
z(pt - pS)
Uimp = _p_

where p; was the total or stagnation pressure, pg was the static pressure, and both
were measured values. The experimental results showed that the maximum heat trans-
fer was achieved with a 0. 476-centimeter (3/16-in.) diameter nozzle and an r/D ratio
less than 3. It should be pointed out that, in this investigation, no change was found in
the heat-transfer coefficient for zn/D < 6; in contrast, major changes were found in
reference 16 (to be discussed next).

Gardon. - Room-temperature jets impinging on heated flat surfaces are reported in
references 16 to 19. Reference 16 presents results of tests of cool air impinging from a
circular jet onto an isothermal hot surface. Nozzles with diameters from 0. 23 to 0. 90
centimeter (0. 089 to 0. 354 in.) and nozzle exit velocities to sonic were used in conjunc-
tion with a 15. 24-centimeter (6-in.) square aluminum plate. Heat-flow transducers
0.9 millimeter (0.035 in.) in diameter were mounted flush in the aluminum plate to
measure heat-transfer rates. In a later publication, Gardon stated that calibration of
the transducers could have been as much as 40 percent too high. Provisions were made
to investigate various nozzle-to-plate spacings (0. 25 to 40 diam).

Stagnation-point heat transfer was presented in reference 16 by basing the Nusselt
number on the nozzle diameter and the Reynolds number on the nozzle diameter and noz-
zle exit velocity. The results are shown in figure 3 for various nozzle diameters and
nozzle-to-plate spacings. The figure shows peak heat-transfer rates at progressively
lower nozzle-to-plate spacings, the peaks increasing with increasing nozzle diameter.



Figure 3 shows clearly the residual effects of nozzle diameter on heat transfer for all
Reynolds numbers; this effect is most pronounced for zn/D < 10. For values of

zn/D > 20 and nozzle exit Reynolds number > 14 000, the following correlation was ob-
tained:

_ D

n

The variation of heat-transfer rates with radial distance from the stagnation point
is shown in figure 4 for a nozzle diameter of 0. 634 centimeter (0. 250 in.), a nozzle exit
Reynolds number of 28 000, and the overall temperature difference between the hot plate
and the incoming impingement air of 20 K (36° F). The figure shows a bell-shaped vari-
ation for large nozzle-to-plate spacings. As the nozzle-to-plate spacing is reduced,
peaks appear in the heat-transfer rates. At zn/D = 6, an annular hump begins to de-
velop and grows into a well-defined secondary peak as zn/D decreases. When the
nozzle-to-plate spacing is less than the potential-core length, the central peak no longer
appears, and in its place is a central minimum of heat transfer. For values of
zn/D < 1/2, the impingement of a free jet gives way to a wall jet and the heat-transfer
rates rise, as shown by the upper curve of figure 4. Figure 5 shows the radial variation
of the normalized heat-transfer coefficients between a plate and an impinging jet.

Walz. - The cooling of flat circular plates by air jets impinging normally on the
plates was investigated in reference 5. The transient technique was used to determine
average heat-transfer coefficients for nozzle Reynolds numbers to 31 000, nozzle-to-
plate spacings from 1 to 8 nozzle diameters, nozzle diameters from 0. 32 to 0. 76 centi-
meter (0.125 to 0.3 in. ), and target diameters from 1. 27 to 2. 54 centimeters (0.5 to
1in.). Results similar to the original results of reference 16 were obtained (before an-
nouncement of the possibility of inaccurate calibration of the transducers in ref. 16).
The effect of the ratio of target diameter to nozzle diameter is also discussed.

Brdlik. - Experimental heat-transfer coefficients were presented in reference 12
for a jet impinging on a heated plate. The data showed that for zn/D =< 6.2, the heat-
transfer coefficient was practically independent of the distance from the jet exit; and for
zn/D > 6.2, the distance z, had an appreciable effect on the heat transfer. Good
agreement was obtained when the experimental and analytical results were compared.

Chamberlain. - Room-temperature turbulent air jets impinging on a segmented flat
Invar steam-heated plate perpendicular to the jet axis were studied by Chamberlain
(ref. 17). Two nozzle sizes, 0.634 and 0. 952 centimeter (0. 250 and 0. 375 in.) in diam-
eter; nozzle exit Reynolds numbers to 67 000; and nozzle-to-plate spacings to 50 nozzle
diameters were investigated. When the value of nozzle-to-plate spacing zn/D was 7 or
less (the plate was located within the potential-core region), local stagnation-point Nus-
selt numbers Nu0 were correlated by
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0. 447 Pr0. 333

Nu0 =1.16 ReD

for zn/D =1

When the plate was located outside the potential-core region, the data were correlated by

0. 569

0. 333
Nu0 = 0. 384 Rea r

P for zn/D >
where Rea is the Reynolds number based on the arrival velocity (as proposed in ref. 16
where multiple-jet data were correlated). Results of thermal conductivity tests con-
ducted by the National Bureau of Standards on a sample of Invar used in the test plate
were 40 percent higher than those previously available. The coefficients in the two pre-
ceding equations have been modified accordingly.

For locations along the plate away from the stagnation point, the correlation

Z

h 0.75
L = exp|-1. 56<-‘-'->
h0 n

was suggested; here h r is the local coefficient at a distance r from the stagnation
point.

Donaldson. - Heat-transfer coefficients for a jet impinging on a plate are reported
in reference 18 for jet exit velocities of 61 to 213 meters per second (200 to 700 ft/sec).
Thin calorimeters were used to obtain the heat-transfer distributions on the plate. Tur-
bulence characteristics of the same free jets were measured and used as a basis for
correction factors to be -applied to computed laminar stagnation-point heating. From the
results, the reference concludes that the following procedure should yield results that
will suffice for most engineering purposes:

(1) Near the stagnation point, the heat transfer should be computed from the laminar
heat transfer that would take place on a surface having the same pressure distribution
as that on the impingement plate and using a correction factor obtained from figure 6;
note the abscissa of figure 6 is Zn/D and not the Reynolds number.

(2) Farther away from the stagnation point, the heat transfer should be computed on
the basis of the technique of reference 19.

(3) Very far from the stagnation point, the relation

Nu = 0. 12 ReD-8

Y1/2

should be used, where the Reynolds number is based on the distance at which the velocity
is one-half the maximum free-jet velocity in the plane of impingement.



Arrays of Circular Jets

Freidman. - Reference 20 presents results of an experimental investigation of heat
transfer for an array of circular air jets impinging on a heated plate. Effects of hole
size and spacing, distance between the array of nozzles and the heated plate, and air ve-
locity on the heat-transfer rates were studied. Hole sizes from 0. 634 to 1. 905 centime-
ters (0. 250 to 0. 750 in. ) and spacings between the nozzles and the heated plate from
5.72 to 15. 88 centimeters (2. 25 to 6. 25 in.) were considered. Results indicated that
spacings between holes of from 4 to 6 hole diameters (giving about 5 to 2 percent free-
flow area) yielded the best heat-transfer results. Attempts were made to compare the
results with those of other investigators. These attempts were unsuccessful because of
an insufficient range of experimental data and because of the complexity of the flow pat-
terns.

Gardon. - In addition to the study of single-jet impingement already discussed,
Gardon also considered multiple arrays of jets; the results are reported in reference 16.
In this study, nozzles with diameters from 0. 159 to 1. 27 centimeters (1/16 to 1/2 in.)
were arranged in square arrays. A 5 X 5 nozzle array on 5. 08-centimeter (2-in.) cen-
ters and a 7 X 7 nozzle array on 3. 05-centimeter (1. 2-in.) centers were used. Airflow
rates from 244 to 3906 kg/(hr)(mz) (50 to 800 lb/(hr)(ftz)) were considered. (Nozzle exit
velocities were low enough that compressibility effects were negligible.)

When attempts to correlate the data based on nozzle exit velocity failed, the authors
of reference 16 decided to correlate by using the arrival velocity. Space-averaged heat-
transfer data were successfully correlated when the center-to-center hole spacing was
used as the characteristic dimension in the Nusselt and Reynolds numbers and the ar-
rival velocity was used in the Reynolds number. The arrival velocity Ua for nozzle-to-
plate spacings greater than 8 was evaluated as

_ D
U, =6.63 U— for zn/D>8

Z
n

so that

1.3
Gxn

Re, = 8. 45 for z /D> 8

an[J,

where G' is the mass flow rate of air per unit area of nozzle array. The average Nus-
selt number was found to be
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Nu = 0. 286 Reo 625

Although the equation for Rea is valid only for zn/D > 8, the equation for Nu holds
down to zn/D > 1.

The effect of nozzle-to-plate separation distance on the local Nusselt number was
also investigated. It was found that the shapes of the curves, notably different, depend
on Re, as wellason z /x and, when z /D <8, on z /D also. When z /D > 8,
it was found that the normahzed amplltudes (hmax hmm)/h were inversely propor-
tional to (z /x ) and practically independent of Rea between 25 000 and 250 000,

Huang. Slnce in reference 15 the maximum heattransfer for a single jet wasfound for a
0. 476-centimeter (3/16-in.) diameter nozzle and an r/D < 3, the investigation of mul-
tiple jets was limited to the 0. 476-centimeter (3/16-in. ) diameter nozzle, spaced at
1. 588 centimeters (5/8 in.) center-to-center spacing in a single row and the row-to-row
distances Y of 3.81, 7.62, and 15. 24 centimeters (1%, 3, and 6 in.) . The centerline
and the average heat-transfer coefficients between rows obtained are shown in figure 7
as a function of nozzle-to-plate spacing. When zn/D > 20, all the curves of figure 7
converge and the heat-transfer coefficient becomes equal for all values of Y/D. For
values of zn/D < 20, the centerline heat-transfer coefficient increases with increasing
values of Y/D; and the average coefficient between rows of holes decreases with in-
creasing values of Y/D.

Ott. - A triangular array of circular jets impinging on a flat surface was investi-
gated in reference 21. Only a limited range of Reynolds numbers was considered and
only zn/D and Re were variable. An average value of the heat-transfer coefficient
was therefore correlated with only Re and zn/D as parameters. No variation in free-
flow area was included in this study.

Hilgeroth. - Hilgeroth (ref. 22) discovered large deviations in heat transfer caused
by jet interaction and spent air disturbances. He found that, for xn/D, zn/D, and U
held constant, the heat-transfer coefficients increased as the hole diameter increased.
A 25 percent decrease in heat-transfer coefficient between zn/D of 2 and 6 was ob-
served. Maximum values of h were obtained for zn/D of 6.3 for a free-flow area of
1.5 percent. The Reynolds number exponent was found to be a function of hole-spacing-
to-hole-diameter ratio, increasing as xn/D increased from 3.5 to 12.5. A square
array of jets was found to be superior to an equilateral triangular array for the same jet
velocity and open-area ratio.

Kercher. - References 23 and 24 reported the investigation of a series of configura-
tions

(1) To measure the effect of variable hole diameter at constant hole spacing

(2) To measure the effect of variable hole spacing at constant hole diameter

(3) To test the ability to scale configurations at constant open-area ratios
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(4) To test wide variations in the ratio of crossflow to impingement flow

(5) To test wide variations in open-area ratio

Figure 8(a) shows the effect of varying hole diameter (or increasing the open-area
ratio) at constant hole spacing. The figure shows good agreement between the data ob-
tained by Kercher and those obtained by Huang (ref. 15), Ott (ref. 21), and Freidman
and Mueller (ref. 20).

Figure 8(b) shows the effect of varying the hole spacing (or open area) for constant
hole diameter. Better heat transfer is achieved by increasing the number of jets (de-
creasing the hole spacing). The discrepancies between Kercher's data and the results of
the study of Gardon and Cobonpue (ref. 16) are attributed to the influence on boundary-
layer phenomenon after jet impingement from perforated plates and from long throat
nozzles. Satisfactory agreement between the data of Kercher (refs. 23 and 24) and
Hilgeroth (ref. 22) is shown in figure 8(c).

Data indicated that the average surface heat-transfer coefficients increased as zn/D
was increased from 1 to about 5 (see ref. 23). If Rep is considered, the exponent of
ReD was found to increase with increasing zn/D, a result also found for a single jet by
Huang (ref. 15).

In reference 23, a correlation equation was developed which depended on determin-
ing three parameters by graphical means. One of these parameters involves the effects
of crossflow on heat transfer.

The test results are summarized in reference 24 as follows: (1) heat transfer by a
multiple square array of round impinging jets on a flat plate cannot be correlated by
power-function expressions of dimensionless parameters; (2) heat-transfer coefficients
increase with increasing open area Af; (3) heat transfer is dominated by the hole-
diameter Reynolds number ReD and the hole-spacing-to-hole-diameter ratio; (4) the
exponent on Reynolds number is a strong function of xn/D with a distinct change in
value at Reynolds number ReD near 3000; (5) within the range tested, increasing zn/D
increases heat transfer without crossflow but decreases heat transfer with crossflow;
(6) increasing crossflow to the jet decreases heat-transfer performance; (7) decreasing
hole diameter with increasing number of holes, everything else being equal, improves
heat-transfer performance; and (8) the correlation proposed shows good agreement with
the measured results.

Burggraf. - Although reference 25 deals primarily with impingement of a row of
circular jets into a half-cylinder, impingement of a row of four circular jets of 0.653-
centimeter (0. 257-in. ) diameter and 2. 164-centimeter (0. 852-in.) center-to-center
spacing on a flat plate was also reported. Both plate and cylinder data were correlated
by basing average Nusselt and Reynolds numbers on plate width.

Metzger. - An experimental study of the effects of crossflow on the heat-transfer
characteristics of single rows of air jets impinging on plane surfaces is reported in ref-
erence 26. A row of 10 circular jets, each 0. 254 centimeter (0.1 in.) in diameter with
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center-to-center spacing ratios xn/D from 2.5 to 5 were considered. Nozzle-to-plate
spacings Zn/D from 2 to 6.7 and ratios of crossflow to jet flow M* from 1to 3 were
studied. From previously available impingement data and on the basis of geometric
similarity, the average Stanton number should be able to be correlated by

v
N

= l
St = St(Rees, En’ D—n, B)

where St is E/(ch) evaluated over the cooled surface of half-length . and Re es is

based on the width of a slot whose area is equal to that of the 10 holes used, that is,

2GB

es
Re_ _ =
es
u

An extra parameter M* = mc/m. should correlate data with crossflow (see fig. 9).
Negative values of r denote distances upstream from the nozzle exit plane, and posi-
tive values of r denote distances downstream. Test results were plotted as St (with
crossflow) divided by -S_tM*=0 (without crossflow) as the ordinate.

Crossflow effects on heat transfer for a given value of equivalent-slot Reynolds
number (Re es = 2000) and a given hole spacing (xn/D = 3) because of nozzle-to-plate
spacing variations are shown on figure 9. The figure shows that crossflow destroys the
symmetry about the nozzle exit plane by deflecting the jets downstream, with a resulting
increase in downstream heat transfer and a decrease in upstream heat transfer. Over-
all performance over the region r/D = +10 about the nozzle exit plane showed in all
cases that the average heat transfer was less than that for the case of no crossflow.

Figure 10 shows the effects of hole spacing on crossflow heat transfer for a nozzle-
to-plate spacing of 2 nozzle diameters. The figure shows the importance of hole spac-
ing; and, as the hole spacing increases, the ratio §/§EM*=O approaches unity both up-
stream and downstream of the nozzle exit plane. As M* increases, the general trend
shows a decrease in §/§EM*=O in the region upstream from the nozzle exit plane and
an increase in the downstream region.

For the ranges of variables covered in this investigation, the crossfiow heat-
transfer results were correlated by

x-0.049 , -0.338

St =0.0822 M Rep,

This correlation, and all the data, are shown in figure 11.
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Single Slot Jets

Metzger. - An experimental study of the heat-transfer characteristics of slot jets
‘impinging normally on a flat target was performed by Metzger (ref. 6). Nozzles with
lengths of 1.90 centimeters (0.75 in.) and widths of 0.025, 0.051, 0.102, 0.15, and
0. 204 centimeter (0.01, 0.02, 0.04, 0.06, and 0.08 in.) were studied as they impinged
on two copper targets of half-lengths 1. 27 and 0. 635 centimeter (0. 50 and 0. 25 in.)
mounted in blocks of balsa wood. Reynolds numbers to 10 000 (based on nozzle exit ve-
locity and nozzle hydraulic diameter) were considered.

Initial tests, with all variables except nozzle-to-target spacing held constant,
showed that maximum average heat transfer occurred at a value of zn/B 0= 8. Since no
significant variation was noted as zn/B o Was varied from 7 to 10, it was decided that
all other tests would be made for zn/B0 = 8. This value of 8 compares with the value
of zn/D of between 6 and 7 for a single circular jet.

Average and local heat-transfer data were obtained. The average data were meas-
ured, and local data were obtained from the average by

St(r) = St(r) + r d St(r)
dr
The exponent on the nozzle exit Reynolds number was found to be 0. 434 from plotting St
against Red. The correlation equation was found to be

_ -0. 434
St (Re )0- 434 5 0.63 _ ¢ q4(d
d/p B

)
for 7< Zn/Bo <10 and 3< d/BO < 50.

In order to gain an insight into the relative performance of slot jets and circular
jets, one circular nozzle was also tested by Metzger. He investigated nozzle-to-target
spacings of 1, 5, and 10 nozzle diameters and did not find any maximum heat transfer in
this range. He did conclude that the shape of the area to be cooled is of primary impor-
tance in deciding between the use of a slot jet or a circular jet; however, this conclusion
was reached by consideration of Zn/D =1 and not at the value for a maximum as found
by other investigators.

Myers. - Experimental wall jet heat-transfer data were obtained by using a 1. 27-
centimeter (0. 5-in. ) wide slot and slot Reynolds numbers from 16 600 to 38 100 and are
reported in reference 8. Data were taken for values of r/BO from 20 to 186 for five
different unheated starting lengths L (r is the distance along the wall). The results are
shown in figure 12; the solid line is the analytical solution and the dashed line is the best
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correlation of the data for r/B o > 45, namely,

9/20 1/16

/ -0. 5658
St Re%' 2109 |1 - <£> - 12<_r_>
0]

r Bo

For design purposes, it was recommended that the right member of the preceding equa-
tion be replaced by 11. 8(r/B 0)-9/ 16; the exponent 9/16 is very close to the analytically
determined exponent 9/15, and the error in changing the right member as suggested is
less than +0. 5 percent.

Gardon. - Heat-transfer characteristics of air jets issuing from slots 0. 159, 0. 317,
and 0. 635 centimeter (1/16, 1/8, and 1/4 in.) wide and 15. 24 centimeters (6 in.) long
and impinging normally on an aluminum 15. 24-centimeter (6-in.) square plate are re-
ported in reference 27. Both average and local heat-transfer rates were obtained, the
latter by use of a 0. 9-millimeter (0. 035-in. ) diameter transducer. Nozzle-to-plate
spacing was also varied. Maximum stagnation heat transfer was found to be a function
of the nozzle exit Reynolds number and occurred between values of zn/B0 from 7 to 10.
For turbulent jets (Re > 2000) and nozzle-to-plate spacings greater than 14 slot widths,
the stagnation-point heat-transfer coefficients were correlated within +5 percent by

-0.62

B

Z
Nu_.=1.2 Reo' o8 (—Il>
o) B
Q 0

for ReB to 50 000 and =z n/B o to 60. Nozzle size was found to influence the turbulence

levels ofothe jets; for ReBo = 11 000, the initial turbulence levels were found to be 0.6,
2.5, and 7.5 percent for the 0. 159-, 0.317-, and 0. 635-centimeter (1/16-, 1/8-, and
1/4-in.) slots, respectively.

Variations of the local heat-transfer coefficients along the plate are best described
by the following, taken from reference 27:

(1) For nozzle-to-plate spacings zn/B o greater than 14 slot widths, the variation
of heat-transfer coefficients has a bell shape.

(2) For 14 > zn/B o > 8, the bell shape is modified slightly by an abrupt change in
slope in the vicinity of r/B0 = 4,

(3) As zn/B0 is reduced below 8, two '"humps'' begin to form at about r/Bo = 1T,
and for zn/B o < 6, they become well-defined secondary peaks in the heat-transfer rate.
These secondary peaks are ascribed to a transition from laminar to turbulent boundary
layers.

(4) As zn/Bo is reduced below 1/2, the impinging jet becomes a ''wall jet' and
heat-transfer coefficients rise sharply with increasing velocities in the gap between the
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nozzle exit and the plate. In this regime, the variation of local heat-transfer coefficients
has two peaks on either side of the centerline.

The variation of local heat-transfer coefficients was obtained only for fully developed
jets with their characteristic bell-shaped distributions. The corresponding normalized
local heat-transfer coefficients h/h o depend on the Reynolds number and the dimension-
less distance from the stagnation point. When the latter is expressed in terms of r/zn,
rather than as r/BO, nozzle-to-plate spacing Zn/Bo and slot width B, do not directly
enter into this correlation. Though developed primarily for z n/B o > 14, it holds, for
all practical purposes, down to Zn/Bo = 8.

Average heat-transfer coefficients for the three slot widths considered over two tar-
get widths are correlated against the Reynolds number based on the arrival velocity in
figure 13. The data were correlated by

Nu = 0. 36 Reg' 62

for Re, > 104, zn/B0 > 8, and d/B0 > 6. Superimposed on the figure are some data

taken from reference 6, showing excellent agreement. In comparison, single round jets
have average heat-transfer coefficients which correlate by

Nu = 0.78 ReD- °°
for Re, > 104, zn/D > 12, and 1<d/D < 24. This latter correlation is applicable to
new data obtained for this comparison and to round-jet data obtained by both Metzger
(ref. 6) and Perry (ref. 13). Reference 27 is the publication previously referred to in
which Gardon stated that the calibration of the transducers of reference 16 may have
been 40 percent high.

Cadek. - The heat-transfer characteristics for a slot jet impinging on a flat copper
surface for slot widths of 0. 625, 1.25, and 1.875 centimeters (1/4, 1/2, and 3/4 in.),
nozzle-to-plate spacings from 2 to 16 slot widths, and slot Reynolds numbers from
4600 to 102 000 were studied by Cadek (ref. 9). Local heat-transfer rates were meas-
ured by use of a miniature circular foil heat-flow sensor with a 0. 091-centimeter
(0.036-in.) diameter sensing area. Values of r/B0 from 0 to 36 were considered.

Local heat-transfer data are presented in figure 14 for one nozzle slot width, one
Reynolds number, and several nozzle-to-plate spacings. Also shown are data from
reference 27. Maximum heat transfer was found for zn/B0 = 8 in both investigations,
as the figure clearly shows.

Average heat-transfer data are compared with Metzger's empirical correlation in
figure 15 and with Gardon and Akfirat's correlation in figure 16. It should be noted that
Metzger's correlation was obtained for a Reynolds number range of 2980 to 7400 only.
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Cadek concluded from his study that for 2 = zn/B 0= 4, good agreement between
theory and experiment was obtained for both the stagnation region and the wall jet region.
For =z n/B o > 8, good agreement still was found in the wall jet region; but in the stagna-
tion region, the measured values exceeded the theoretical ones. For ease and simplic-
ity in design calculations, according to figure 16, use of the Gardon-Akfirat correlation
for average Nusselt number is recommended.

Cartwright. - Reference 28 presents experimental heat-transfer data obtained from
an impinging jet for nozzle-to-plate spacings from 8 to 47 slot widths, nozzle exit Rey-
nolds numbers from 25 000 to 110 000, and distances along the wall jet from 0 to 132
slot widths. It was found that, at low slot Reynolds numbers, the maximum value of the
heat-transfer coefficient occurred at the stagnation point and then the heat-transfer rate
decreased monotonically with increasing distance from the stagnation point. At larger
Reynolds numbers, the maximum heat-transfer coefficient occurred some distance from
the stagnation point as a peak in the curve, quite in line with axisymmetric impinging jet
heat-transfer results.

Analytical attempts to predict the heat transfer appeared adequate only in the wall
jet region beyond r/B 0= 36. Failure of predictions in the impingement region was
blamed on the high level of turbulence that exists in the free jet before impingement.

Andreyev. - An analytical method for predicting the local Nusselt number in the
stagnation region of a slot jet was developed in reference 29. When discrepancies be-
tween predicted and experimental values were found, the prediction was modified, by use
of some experimental data; and an empirical correlation resulted. The modification was
made to account for the effects of jet turbulence. The resulting formulae were obtained:

For 1< zn/Bo = 6. 5:

0.5

Nu=0.48 ——2 |1 - 0.116—-----—2 (1+0.015¢)
0.1
(z/B,) (z,/B,)
For 6.5 < zn/B0 =12:
0.5

ReBO (r/BO)Z
« Nu=1.25—°2_ |1- 1.05_____1__4 (1+0.019 ¢)

(2,/B)" (z,/B )

For zn/Bo > 12:
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0.5
ReBo (r/B0)2
Nu=126 —— 11 -1.05 ———|(1+0.025¢)

Array of Slot Jets

Freidman. - Included in the tests reported in reference 20 were plates with a multi-
tude of slots. It was found that the slotted plates were comparable in performance to the
nozzle plates except when the slotted plate forced the air out at a 45° angle with the hor-
izontal.

Gardon. - Reference 27 also reports the investigation of impingement from an ar-
ray of slots. Data were obtained for two combinations of slots:

(1) Three slots at 5. 08-centimeter (2-in.) centers

(2) Two slots at 10. 16-centimeter (4-in.) centers
It was found that, at the smallest slot-to-plate spacing, the identity of each jet was pre-
served and the peak heat-transfer rates of the jets differed only slightly from those
corresponding to single jets. Interaction between the jets produced secondary peaks
midway between the points of impingement. As the length of the jets was increased,
interaction occurred before impingement, peak heat-transfer rates were no longer equal,
and the peaks did not necessarily lie below the centers of the jets. At the largest spac-
ing, the jets lost their identity and behaved almost like a large single jet.

The data were correlated on the basis of an arrival Reynolds number

lez1
Rea=2.65-——— for zn/Bo> 7

il Bozn

with
__ hx
Nu = _1_1
k
The correlation is shown in figure 17. Since the arrival Reynolds number does not con-
sider jet interaction, it is recommended in reference 27 that the correlation
Nu = 0.36 Re) 62

should not be extrapolated to x,/Bg, < 16.
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Schuh. - Heat-transfer data are reported in reference 30 for impingement of air
through arrays of slots. Slot widths of 0.1 and 0.5 centimeter (0. 394 and 1. 97 in.);
jet spacings of 2.5, 4, 6, and 10 centimeters (0. 985, 1.576, 2. 364, and 3.94 in.); and
slot-to-plate spacings of 2, 4, 6, and 8 slot widths were investigated. Slot exit veloc-
ities from 4 to 100 meters per second (13. 12 to 328 ft/sec) were considered. For
1200 = Re = 100 000, 5 =< x /B = 100, and zn/B0 ~ 4, it was found that the data could
be correlated by

B
B0 0

- -0. 327
St = 0. 461<—n> Re 0~ 402
within £10 percent.

Figure 18 shows a comparison of the arrays of slot jet results of reference 30 with
those of single slot jets of reference 6, for zn/B0 = 8. The figure shows good agree-
ment for the larger values of xn/B o of 100 and 50. For the lower values-of xn/B o
the differences between the results for the arrays of slots and the single slot indicate
the detrimental effect of the interference of the jets for closer spacings.

Schuh, in reference 30, also investigated rows of hole jets and found that lower heat
transfer was achieved for the holes than for the arrays of slots at large row spacings.
Little difference was found at small row spacings.

It was also found that a superimposed wall-parallel flow up to 60 percent of the jet
flow could be imposed with no reduction in heat transfer. For similar conditions, but
with rows of holes instead of rows of slots, some reduction in heat transfer accompa-
nied the 60 percent superimposed wall parallel flow.

GENERAL DISCUSSION
Analytical Heat Transfer

Near the stagnation point in the stagnation region, laminar flow exists for a certain
distance along the plate. Until the jet reaches a point 1 or 2 nozzle diameters from the
plate, the jet behaves like a free jet. Hence, by combining free-jet potential theory with
laminar-boundary-layer techniques, attempts were made to predict stagnation-region
heat transfer. These attempts have been only partially successful. Inability to predict
the turbulence effects accurately, the fact that the jet is not an infinite free jet, and
some doubt as to the extent of the laminar boundary layer make the predictions at best
approximate. Measured values were found to exceed predicted values, sometimes by a
considerable amount, both for circular jets and slot jets.
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Wall jet heat-transfer predictions, although so far limited to slot jets, have been
found to agree with experimental results. The theoretical approaches employ the con-
sideration of two flow layers: an inner layer along the wall and an outer layer assumed
to behave as a free jet. Both integral and finite difference solutions have been obtained
by different investigators, based on numerous assumptions. These solutions are com-
plicated, and certain empirical calculations which will be recommended later are prob-
ably good enough for use in preliminary design work.

Experimental Heat Transfer

Single circular jets. - A comparison between results of heated jets impinging on
room-temperature surfaces and room-temperature jets impinging on heated surfaces
is difficult because of fundamentally different boundary conditions. In addition, heat-
transfer rates were measured in different ways by the individual experimenters. The
various methods included the use of metal rod calorimeters, steam calorimeters, ther-
mocouples, and heat-transfer gages to measure heat-transfer rates. The areas over
which these measurements were made varied in size, and what some investigators
called local values were in reality at best average values. Since the correlations pro-
posed by the individual experimenters did not specify the exact areas involved and since
the characteristic dimensions used in the various correlations differed, a direct com-
parison of results is further complicated. Furthermore, the ranges of variables con-
sidered and the accuracy of maintaining control of these variables differed from experi-
ment to experiment.

The experiments reported herein dealing with spot cooling reveal, in general, the
same trends.

Arrays of circular jets. - This type of configuration is perhaps the most applicable
for cooling turbine components, especially the suction and pressure midchord regions
of turbine vanes and blades. Care must be taken to properly space the holes so that jet
interference is minimized. Reference 20 reported best heat-transfer results with hole
spacings of from 4 to 6 hole diameters (about 5 to 2 percent free-flow area). Results of
tests reported in reference 16 showed that the best correlation could be obtained by use
of the arrival velocity and the center-to-center hole spacing as the characteristic values
in the Reynolds number. This reference also reported that a single jet yielded better
heat-transfer results than one jet in an array of jets. Relatively good agreement was
found by comparing the results of several different circular array investigations. The
effect of crossflow on heat transfer was accounted for in reference 24 by means of a
correction parameter obtained from a plot of experimental data; the curve showed that
a decrease in heat transfer resulted from increasing the crossflow to the jet. Another
investigation (ref. 26) proposed crossflow effects could be accounted for in determining
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the average Stanton number by including in the correlation a power of the ratio of the
crossflow to the jet flow.

Single slot jets. - Data for slot jets impinging on a flat surface were obtained by a
number of investigators. Average heat-transfer coefficients obtained by several inves-
tigators were compared, and good agreement was found. Reference 6 compared the heat
transfer from a slot jet and a circular jet when the same target area, the same flow
rate, and the same nozzle area were considered; the round jet yielded heat transfer
8 percent higher than the slot jet. However, the shapes of the areas cooled were quite
different, and it was concluded that the shape of the area to be cooled is of primary im-
portance in deciding which type of jet to use. Data obtained for a slot jet could be ac-
curately predicted in the wall jet region; the actual prediction is quite complicated,
however.

Arrays of slot jets. --Data for-'two distinct arrays of slots showed that the identity
of each jet was preserved at small slot-to-plate spacings, but jet interaction before im-
pingement occurred at larger spacings. The average data obtained for multiple slots
were successfully correlated and, for large values of xn/ B o’ agreed very well with the
results of reference 6 for a single slot. Jet interaction caused discrepancies for lower
values of xn/Bo.

When a crossflow equal to as much as 60 percent of the jet flow was superimposed
on an array of slot jets, no reduction in heat transfer was found.

Application of Correlations to Turbine Vane Suction and Pressure Surfaces

In order to determine how the correlations for arrays of jets compared, actual di-
mensions of a turbine vane were inserted into a number of the correlations; and average
Nusselt numbers, applicable for the vane suction and pressure surfaces, were calcu-
lated. The results were presented in reference 31 and are reproduced herein in fig-
ure 19. It should be pointed out that impingement to the suction or pressure surface of
a vane is affected by a crossflow set up by the air after it impinges on the surface and
flows chordwise to a film cooling hole or a split trailing edge. The effects of a cross-
flow would tend to reduce the effectiveness of impingement cooling. Figure 19 does not
account for any crossflow. However, the correlation presented in reference 24 has in
it a term to account for crossflow effects; this term was evaluated for zero crossflow
in the preparation of figure 19 so that a fair comparison of the correlations could be
made. Suffice it to say that the line representing the correlation of reference 24 would
be lowered if crossflow effects were considered. In order to incorporate some kind of
safety factor in current designs, it appears that thie correlations of reference 16 or 24
should be used until further experiment results in improved correlations.
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CONCLUDING REMARKS

From the survey of the heat-transfer characteristics of single and multiple turbu-
lent air jets impinging on flat surfaces, the following conclusions are made:

1. Measured heat-transfer coefficients in the stagnation region exceed those deter-
mined by use of the several analytical procedures discussed herein. The analyses are
affected by a lack of knowledge of the jet turbulence characteristics. Further investiga-
tions leading to more precise information on the jet turbulence characteristics appear
to be required.

2. Difficulties in comparing heat-transfer data for single circular jets impinging on
flat surfaces were encountered. Consequently, it is difficult to recommend a correla-
tion for use when a single circular jet impinges on a flat surface.

3. Additional investigations of single turbulent room-temperature air jets impinging
on heated flat surfaces would be useful.

4. Of primary importance in the design of future turbine vanes and blades is the use
of arrays of holes to impingement cool the midchord suction and pressure surfaces;
these surfaces can be approximated by flat plates. The correlation of Gardon (ref. 16)
appears to be applicable. However, other evidence indicates the hole spacings should be
maintained at from 4 to 6 hole diameters to avoid interference between the jets. The
use of the arrival velocity in the suggested correlation is attractive. Crossflow effects
might be accounted for by use of a crossflow-to-jet-flow parameter, as suggested by
Metzger (ref. 26). The correlation of Metzger, where the Reynolds number is based on
an equivalent slot width, is also worthy of consideration. Another possibility is to use
the correlation of Kercher. It accounts for the effects of crossflow. However, it in-
volves the use of several quantities which must be found by graphical means from a
limited amount of experimental data.

5. For single slot jets, Cadek recommends use of the correlation of Gardon (ref. 27)
for preliminary design calculations because of its simplicity and ease of calculation.

6. It was found that data for arrays of slots would correlate by the correlation de-
veloped by Metzger (ref. 6) for a single slot for large values of slot spacing to slot width.
For low values of this parameter, jet interference came into prominence.

7. Wall jet region analyses have been limited to slot jets to date. An analysis for
circular jets would probably be in order.

8. For the same flow rate, same-nozzle area, and same target area, a circular jet
produced heat-transfer coefficients 8 percent higher than those of a slot jet. However,
the shape of the area cooled should be considered when determining which type of jet
to use.
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9. From structural considerations alone, it appears that circular jets are prefer-
able to slot jets for cooling turbine vane and blade surfaces.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, February 5, 1973,
501-24.
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APPENDIX - SYMBOLS

Af open area

B width of potential core
es equivalent slot width
B o slot width
half-width of free jet
b' distance from edge of boundary layer to edge of wall jet

p3/2

C
Cl dimensionless potential-core length
cp specific heat

D nozzle diameter

d target diameter or half-length of target
dh hydraulic diameter

d calorimeter diameter

F function

G mass flow rate per jet exit area

G' mass flow rate per unit area of nozzle array

h heat-transfer coefficient
h o heat-transfer coefficient at stagnation point
hr heat-transfer coefficient at radial distance r

K constant
k thermal conductivity
L unheated starting length

o~

half-length of cooled surface
%*
M m, / m

m Euler number, term in correlation obtained graphically, or exponent on Reynolds
number

m mass flow of crossflow
m. mass flow of jet

Nu Nusselt number, hr/k or hd'/k




Nug Nusselt number, hB 0/k

0

Nup, Nusselt number, hD/k

Nu, Nusselt number, hoD/k

n exponent

Pr Prandtl number, c pu/k

Pg static pressure

ot total pressure

q heat flux

qlam calculated laminar heat flux
r distance along plate from stagnation point
Re, pUaD/ yu or pUaxn/ u

ReBo pUB 0/ I

Rep, pUD/pu

Repy /2 (pUD/2)/ 1.

Red - pUd/ 1.

Redh pUdh/ u

Rey, pud'/u

Re g pU2B S/ u

Re pUr/ 1

Rexn pan/ u

Rey P pUY Y /o 1

Regr,u, pu,2t/p

St Stanton number, Nu/Re Pr
T o jet temperature

Tw wall temperature

U velocity in axial direction
Ua arrival velocity

Un maximum velocity in axial direction



A"/ velocity in radial direction

Vm maximum velocity in radial direction

\" RB reference velocity

X distance from nozzle in axial direction

X, spacing, center to center

Y spacing, row to row

y distance from centerline in radial direction
Vi/2 value of y for U=1_/2

4 distance from impingement plate in axial direction
z, nozzle-to-plate distance

Zy/9 value of z for V = Vm/2

) boundary-layer thickness

€ degree of turbulence at jet axis

i} viscosity

v kinematic viscosity

fol density

Superscript:

- average
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Figure 1. - Jet flow characteristics.
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Figure 2. - Effect of impingement angle on heat transfer. (From
ref. 13.)
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Figure 3. - Correlation of heat-transfer coefficient at stagnation point of a jet. (From ref. 16.)
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Figure' 4. - Radial vgriation of heat transfer between a plate and an impinging jet. Nozzle diameter D = 0,634
centimeter (0. 250 in. ); Rep = 28 000; temperature difference AT = 20 K (360 F). (From ref. 16.)
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l 588 centlmeters (518 in.); row-to-row spacing Y = 3.81, 7.62, 15.24 centimeters (1.5, 3,

6in.). (From ref. 15.)
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Figure 8. - Heat transfer of multiple array of impinging air jets. (From ref. 23.)
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